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The Sendai virus P protein plays a central role in viral genome amplification and expression, forming complexes with the
viral L protein to generate the polymerase (P-L) and unassembled N (P-N7). This latter complex prevents N from selfassem-
bling illegitimately, i.e., independently of the concurrent assembly of a nascent viral genome, and is thought to represent
the functional form of N in nucleocapsid assembly. Based upon earlier functional studies using an in vitro transcription/
replication system in which the P, L, and N proteins were coexpressed, we identified two regions of the P protein required
for RNA synthesis, namely, the C-terminal 40% of the protein, and a second, apparently redundant domain near the N-
terminus (either amino acids 1–77 or 78–145). The lack of sequence conservation in this second region, apart from overall
negative charge, was reminiscent of the acidic activation domains of cellular transcription factors. However, we recently
mapped a chaperone domain at the N-terminal of P (aa 33–41), which is required for stable complex formation with
unassembled N7 and, thus, for assembly and genome replication. In this present study we show that coexpression of N
protein with P deletion mutants lacking this region (e.g., PD1–324) results in the sequestration of the mutant P by the
illegitimately assembled form of N. As a consequence, P protein is unavailable for RNA synthesis from bona fide templates.
We also find that in the absence of coexpressed N protein, the entire N-terminal 60% of the P protein is not required for
mRNA synthesis. During these studies, a supplemental role for the P protein in viral RNA synthesis, independent of stable
complex formation with L, was observed. This function involves, at least in part, the binding of additional copies of P to the
N:RNA template. q 1996 Academic Press, Inc.
INTRODUCTION Virion N:RNA is associated with ca. 50 L and 300 P pro-
teins (Lamb et al., 1976) and they carry out primary tran-
Paramyxoviruses are enveloped animal viruses with a scription upon entry into the cytoplasm. The genomes
nonsegmented negative strand [(0)] RNA genome of ca. are transcribed sequentially starting from the 3* end, gen-
15 kb. Together with the Rhabdoviruses and Filoviruses, erating a short leader RNA followed by a series of capped
they form the superfamily Mononegaloviridae. These viral and polyadenylated mRNAs. Translation of these mRNAs
genome replicate via a (/) RNA intermediate or anti- results in the accumulation of viral proteins, and this in
genome. Genome and antigenomes are never found as turn serves to promote genome replication. Here, osten-
free RNA, but are associated with the viral nucleocapsid sibly the same viral polymerase reads the same tem-
protein N (previously called NP) as helical nucleocap- plate, but now ignores the intergenic stop/(re)start sig-
sids. N:RNA nucleocapsids are 96% N protein by mass nals, thereby producing a full-length complement. Repli-
(Egelman et al., 1989) and are highly stable, retaining cation (unlike transcription) is tightly coupled to
their activity even after banding on high salt gradients. encapsidation of the nascent RNA, and it is this concur-
The RNA within the nucleocapsid is resistant to nuclease rent assembly that is thought to induce the polymerase
digestion at any salt concentration even though the pitch to ignore the junctional signals. The intracellular concen-
of the helical coil widens dramatically as the ionic tration of N7 is thought to control the balance between
strength is increased (Heggeness et al., 1981). The exact transcription and replication in a self-regulatory manner
location of the RNA within the nucleocapsid, however, during infection (reviewed in Lamb and Kolakofsky,
remains unresolved. 1996).
Nucleocapsids serve as the template for the viral poly- Paramyxovirus P genes are polycistronic, expressing
merase, a complex composed of the L (large) protein, on proteins from at least two (and often all three) ORFs. The
which all the catalytic functions are thought to reside SeV P mRNA makes a nested set of four C proteins from
(e.g., RNA polymerase, capping, and polyadenylation), a reading frame that overlaps the N-terminus of the P
and the P phosphoprotein, which serves as a cofactor. protein (in the /1 phase relative to the P ORF), via non-
AUG initiation and ‘‘leaky’’ ribosomal scanning (Fig. 1).
An internal V ORF (in the 01 phase) is also expressed1 Address correspondence and reprint requests to the author. Fax:
(41 22) 702 5702. E-mail: curran@cmu.unige.ch. as a fusion protein with the N-terminal half of P due to
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Smallwood et al., 1994). On the other hand, the chaper-
one function was mapped to nine amino acids (aa 33–
41) at the N-terminal end of the protein (Curran et al.,
1995a). Mutants containing deletions in this N-terminal
region of P did not form stable complexes with N7 and
were unable to support the nascent chain assembly step
of genome replication. Consistent with this modular orga-
nization of the P protein, the V and W proteins inhibit
genome replication, but not mRNA synthesis (Curran et
al., 1994).
We previously reported that the N-terminal half of theFIG. 1. Schematic representation of the SeV P protein. The P protein
SeV P protein contained an ‘‘acidic activation-like’’ do-(568 amino acids) is shown as a rectangle with the various functional
domains indicated by shaded boxes. Residues 33–41 are required for main (AAD) which was required for viral RNA synthesis
chaperoning N7 during the nascent chain assembly step of genome (Curran et al., 1994). This was based upon the observa-
replication. Two blocks within the C-terminal 40% of the protein (aa tion that cell extracts in which the P deletion mutant D1–
344 –411 and 479–568, previously designated segments A and C) are
77 had been coexpressed with N and L were inactive ininvolved in binding to N:RNA. Segment A is required for trimerization
replication but continued to support transcription from(indicated as 3*mer), and only trimers bind to the template. Residues
412 –445 represent the stable binding site for the L protein. The heavy N:RNA templates at ca. 40% of the level obtained with
arrow above indicates the site at which the alternate C-terminal ORFs the Pwt protein. Further P deletions (D1–144 and D1–
of the V and W proteins are fused to the N-terminal half of P by mRNA 324) when coexpressed with N and L ablated all RNA
editing.
synthesis. Residues 1–77 were found to be essential
for encapsidation, but either residues 1–77 or 78–144
appeared to provide a function required for RNA synthe-the programmed insertion of a single G residue at codon
308 during mRNA synthesis (cotranscriptional editing; sis (the AAD). We have since reexamined the function of
the N-terminal half of the P protein in viral RNA synthesis.Kolakofsky et al., 1993). The addition of 2G’s at this site
produces a W protein which essentially represents the The unusual properties of these regions appear to be
due to its role in preventing the aggregation of N7. DuringN-terminal half of P, as only two amino acids are fused
to the C-terminal as a result of this frame shift (see Fig. these studies, we also noted a supplementary require-
ment for P in mRNA synthesis.1). Remarkably, only the P protein, which forms the poly-
merase complex with L (Hamagushi et al., 1983; Portner
et al., 1988), is essential for viral RNA synthesis; the V,
MATERIALS AND METHODS
W, and C proteins all appear to function as negative
regulators of transcription and replication (Curran et al., Construction of subclones
1991, 1992). In contrast to mRNA synthesis, genome rep-
lication requires the expression of the N as well as the The Pwt and P deletion mutants used throughout this
study were N-terminally tagged with the influenza virusP and L proteins, and this N protein functions as a P-N7
complex (Curran et al., 1995a, Horikami et al., 1992). HA1 epitope (Field et al., 1988). A detailed description of
the construction of the tagged Pwt clone (pGEM-PHA) andWhen expressed independently of P, N protein selfaggre-
gates or assembles illegitimately, probably on nongeno- the deletion mutants is to be found in Curran et al. (1994,
1995a).mic RNA. P protein can then be considered as a chaper-
one for N7, because it prevents this illegitimate assembly
and keeps N7 in its active soluble form for bona fide In vitro RNA synthesis
assembly (Curran et al., 1995a).
Replication, which can be viewed as RNA synthesis RNA synthesis in vitro was performed essentially as
described in Curran et al. (1994). In the current studiesplus concurrent assembly, can be reconstituted in vitro
by combining extracts in which P-N (the assembly com- the RNP templates were isolated from BHK cells infected
with either a St SeV stock (strain Z) or a mixed virusplex) and P-L (the polymerase complex) have been sepa-
rately coexpressed (Horikami et al., 1992). This ‘‘two part’’ stock containing the copy-back defective DIH4, by band-
ing twice on 20–40% CsCl gradients (see Curran et al.,system served to map the domains on P involved in RNA
synthesis and assembly, as diagrammed in Fig. 1. The C- 1994). Generally, templates isolated from a 9-cm petri
were resuspended in 25 ml of TE (10 mM Tris, pH 7.4, 1terminal 40% of P was found to contain several domains
essential for RNA synthesis, including a predicted coiled mM EDTA) containing 1 mM DTT, 10% glycerol, and
stored at 0707. Two microliters of template was usedcoil trimerization region (aa 344–411), the stable L pro-
tein binding site (aa 412–445), and a predicted triple a- per reaction. Transfection of A549 cells, preparation of
cytoplasmic extracts, and analysis of the reaction prod-helical bundle which interacts with the C-terminal tail
of the assembled N protein (Curran et al., 1995b, 1994; ucts was as described in Curran et al. (1994).
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Glycerol gradient analysis of in vivo-expressed tant P clones) were incubated with 5 ml of template for
proteins and isolation of the P/L complex 1 hr on ice. RNPs were recovered by pelleting through
a 0.5 ml, 50% glycerol cushion in an eppendorf centrifugeCytoplasmic extracts were prepared as described in
at 12,000 RPM for 1 hr at 47. The pellets were resus-Curran et al. (1995a). Briefly, 5 cm A549 cell monolayers
pended in 10 ml of transcription buffer and 5 ml was usedwere infected with a vaccinia virus recombinant express-
per reaction.ing T7 polymerase (vTF7-3; Fuerst et al., 1986) and
transfected with plasmid DNA as outlined in the figure
Antibodieslegends. At 24 hpi, the medium was removed and the
cells were incubated with 1 ml of ice-cold buffer A (5% A monoclonal antibody to an epitope of the influenza
sucrose, 80 mM KCl, 35 mM HEPES (N-2-hydroxyethypi-
virus HA1 protein, designated 12CA5 (Field et al., 1988),
perazine-N*-2-ethanesulphonic acid, pH 7.4), 5 mM
was obtained from the Berkeley Antibody Co. and is re-
K2PO4 (pH 7.4), 5 mM MgCl2 , 0.5 mM CaCl2) containing ferred to as anti-HA. The monoclonal antibody N877 (O¨r-
250 mg/ml of lysolecithin (Sigma). After 1 min buffer A
vell and Grandien, 1982), which recognizes an epitope
was removed, the cells were scraped into 200 ml of RM
near the C-terminus of N, was kindly provided by Claes
salts (100 mM HEPES (pH 8.5), 150 mM NH4Cl, 4.5 mM O¨rvell (Stockholm). The monoclonal antibody to a C-ter-
MgAc, 1 mM DTT (dithiothreitol)), and the cell mem-
minal peptide of the L protein (Einberger et al., 1990),branes were disrupted by pipetting up and down 20
referred to as anti-L, was kindly provided by this labora-times. Nuclei and cell debris were removed by spinning
tory.at 12,000 g for 5 min at 47. Extracts were layered onto
linear 5–20% glycerol gradients prepared in RM salts
RESULTSand containing a 100-ml cushion of 100% glycerol. Gradi-
ents were centrifuged in an SW60 rotor at 40,000 RPM A supplemental requirement for P protein in mRNA
for 20 hr at 47. Gradient fractions (400 ml) were collected synthesis
from the bottom of the tube, and 15-ml aliquots were
analyzed by Western ELISA using the chemiluminescent When CsCl-banded nucleocapsids (N:RNA) are used
substrate CSPD (Boehringer). as templates for mRNA synthesis in vitro, they require a
When isolating the P-L complex, A549 cells were cytoplasmic extract in which only the viral P and L pro-
transfected with 2.5 mg of pGEM-PHA and 1.0 mg of pGEM- teins have been expressed (Curran et al., 1992). The
L and cell extracts were prepared and fractionated on further coexpression of C was found to inhibit transcrip-
glycerol gradients as outlined above. Fractions con- tion, and that of V or W had little or no effect (Curran
taining the P/L complex (generally fractions 2 and/or 3) et al., 1992, 1994). When P-L-transfected cell extracts
were determined by Western ELISA. They were then di- optimized for viral RNA synthesis are sedimented on
luted twofold in RM salts and incubated for 1 hr at 47 glycerol gradients, all the L protein is found to cosedi-
with 2.5 ml of an anti-L monoclonal Ab. Antibody com- ment with a small fraction of P (fraction 3, Fig. 2). The
plexes were recovered by the addition of 100 ml of a 50% vast majority of P, however, migrates just behind the P-
suspension of protein A –sepharose (Pharmacia) equili- L complex, presumably as a homotrimer (the monomer
brated in RM salts. This was then incubated for a further sediments at ca. fraction 8 under these conditions). The
hour at 47 after which the sepharose beads were recov- band which migrates slightly slower than L in SDS–
ered by pelleting and washed three times with RM salts. PAGE is thought to represent a small fraction of P trimer
The beads were then resuspended in 100 ml of transcrip- which resists disaggregation even under these denatur-
tion buffer (100 mM HEPES, pH 8.5, 150 mM NH4Cl, 4.5 ing conditions (Curran et al., 1995b). The apparent re-
mM MgAc, 1 mM DTT, 0.5 mM ATP/CTP/UTP, 40 U/ml quirement for this large molar excess of the P protein in
creatine phosphokinase, 1 mM creatine phosphate. In these extracts is puzzling. It could be due to its effect of
vitro RNA synthesis was generally carried out in 150-ml increasing the half-life of L in vivo (Curran et al., 1994;
reactions containing 25 ml of the bead suspension, 2 ml Smallwood et al., 1994), and/or because P is required
of template, 100 ml of cell extract, 30 mCi of [32P]GTP and for RNA synthesis independent of its stable association
20 mg/ml actinomycin D at 307 for 3 hr. After the reaction, with L.
the beads were pelleted and washed with 500 ml of lysis To determine whether the P-L complex from the glyc-
buffer (150 mM NaCl, 50 mM Tris, pH 7.4, 10 mM EDTA, erol gradient could support mRNA synthesis by itself, it
and 0.6% NP-40). This wash was combined with the rest was concentrated and further purified from free P protein
of the reaction supernatant and the products were frac- by adsorption to staph-A beads coated with a mono-
tionated on 20–40% CsCl gradients and analyzed directly clonal antibody to the very C-terminus of the 2228 aa
on 1.5% agarose-HCHO gels.
long L protein (antibodies to this region do not inhibit
Prebinding of P to the RNP template RNA synthesis (Portner et al., 1988)). When similar immu-
noselected complexes metabolically labeled with [35S]-Cell extracts (100 ml) prepared from A549 cells (diame-
ter, 5 cm; see above) transfected with pGEM-PHA (or mu- methionine were analyzed by SDS–PAGE, we estimated
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extract from untransfected cells. RNA synthesis was car-
ried out in the presence of [a-32P]GTP and 20 mg/ml of
actinomycin D (to inhibit DNA-dependent RNA synthesis
from the T7 RNA polymerase present in the extract), and
the reaction products were separated on a HCHO-aga-
rose gel. As shown in Fig. 3A, a broad band which mi-
grated at the position of N and P mRNAs could be readily
detected when the P-L and N:RNA complexes were sup-
plemented with an extract containing P, but little or no
synthesis was detected in the absence of the additional
P protein, independent of the quantity of immobilized
complex that was added. This supplemental requirement
for P could not be met by a deleted P which cannot
bind to N:RNA (PD539 – 568), nor by PD412 – 479, which binds
normally to N:RNA but which cannot form a stable com-
plex with L (even though all the P proteins had accumu-
lated to similar levels in the extracts (not shown)). Re-
markably, the immobilization of L on the immunobeads
did not appear to reduce its activity in mRNA synthesis
(not shown).
The immobilized P-L complex used in the in vitro reac-
tions was prepared identically to that used to determine
the ratio of 1-2 P3 per L. To estimate the amounts of
supplemental P (relative to that present in the immobi-
lized complex) required for optimal mRNA synthesis, it
was titrated as follows; immobilized P-L complex and
N:RNA were added to 0, 10, 25, 50, or 100 ml of cell
extract from P-transfected A549 cells. The final volume
of extract was then adjusted to 100 ml with a mock-
FIG. 2. Glycerol gradient fractionation of cell extracts in which the transfected extract and transcription reactions performed
P and L proteins have been coexpressed. A549 cells (dia 5 cm) were as before. Figure 3B shows that the requirement for sup-
infected with vTF7-3 and transfected with 2.5 mg of pGEM-PHA either
plemental P appeared to be saturable. Maximum RNAin the presence or absence of 1 mg of pGEM-L. These quantities of
synthesis was obtained when more than 50% of the cellplasmid DNA had been optimized for in vitro RNA transcription. Cyto-
plasmic extracts were prepared and fractionated on linear 5–20% glyc- extract came from a P-transfected cell, suggesting that
erol gradients and aliquots from each fraction were analyzed by West- 5–10 times more P is required than is present in the
ern-ELISA (see Materials and Methods). (A) Upper panel, Immunoblot stable P-L complex. This confirms the requirement for a
of the PHA gradient using a monoclonal antibody against the epitope-
large molar excess of P protein during RNA synthesistagged protein (marked P). P3 represents a fraction of the P trimer
and, since only a small fraction of expressed P proteinwhich remains intact even under the denaturing conditions of the SDS–
polyacrylamide gel. Lower panel, Immunoblot of the PHA plus L gradient is stabile associated with L (see Fig. 2), would suggest
using monoclonal antibodies against the tagged P protein and the L that the role of this supplemental P is not just to replace
protein. (B) The bands from the immunoblots were quantitated on a protein lost during the preparation of the immobilized
densitometer, and the amount in each fraction was then plotted as a
polymerase complex.fraction of the total. Fraction 1 contains the material which pelleted
The immunoselected polymerase complex containingonto a cushion of 100% glycerol which was placed in the bottom of
each tube. The profile for the L protein was obtained from extracts in 1–2 P3 per L is thus insufficient for mRNA synthesis in
which it had been coexpressed with P (lower panel of A). vitro, even though this ratio is similar to that found on
virion nucleocapsids. However, these latter templates
contain an average of 300 P and 50 L proteins and,(using a PhosphorImager) that between 3 and 6 P pro-
although transcriptionally active in vitro, they can be sig-teins were present per L protein in this complex (the
nificantly stimulated by the addition of cell extracts inexperiment was performed two times in duplicate and
which the P protein has been expressed (data not shown,gave ratios of 5.9/5.5 and 3.3/2.7). This immobilized P-L
see below). P binds tightly to N:RNA by itself in vitro (itcomplex was also capable of binding N:RNA templates
cosediments with N:RNA through glycerol gradients), andwhich contain minimal amounts of the strongly associ-
we expect that the requirement for the supplemental Pated endogenous P and L proteins (data not shown). The
of the extract is, at least in part, for the free P protein toimmobilized P-L complex was then combined with these
bind to the template. We therefore examined whether thenucleocapsids and a cytoplasmic extract of either, vTF7-
3-infected cells in which P was expressed or a control supplemental requirement for P could be met by preload-
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FIG. 3. In vitro RNA synthesis using a purified P-L complex immobilized to sepharose beads via an anti-L monoclonal antibody. (A) Extracts from
A549 cells (diameter, 5 cm) transfected with pGEM-PHA (2.5 mg) and pGEM-L (1 mg) were fractionated on 5–20% glycerol gradients. Fraction(s)
containing the P-L complex were incubated with an anti-L monoclonal antibody and the immune complexes were recovered by the addition of
protein A–sepharose. The beads were pelleted and washed three times with RM salts before being resuspended in transcription buffer. In vitro
RNA synthesis was performed by mixing these P-L antibody complexes with nondefective core nucleocapsids (N:RNA) in extracts from either mock-
transfected cells (indicated as ‘‘none’’) or cells transfected with pGEM-Pwt, pGEM-PD539–568, or pGEM-PD412–479, in the presence of [32P]GTP (this is
represented schematically in the upper panel). The reaction products were pelleted through a 5.7 M CsCl cushion and resolved on an agarose-
HCHO gels. Each reaction was performed in duplicate. (B) Transcription reactions were performed as described above except that the P-L antibody
complex, N:RNA, and [32P]GTP were added to a mixture of pGEM-Pwt and mock-transfected A549 cell extracts in which the percentage of the Pwt
extract was varied [0% (i.e., 100% mock), 25, 50, and 100% Pwt]. The total amount of cell extract in all the reactions was kept constant (100 ml). The
reaction products were analyzed as described in (A), quantitated on a phosphorimager, and then plotted graphically. (C) In vitro reactions were
performed essentially as described in (A) except that Pwt protein was prebound to the N:RNA templates as depicted in the upper panel (see
Materials and Methods). These templates were separated from unbound P by pelleting through a cushion of 50% glycerol and were then mixed
with [32P]GTP, the P-L antibody complex, and cell extracts from A549 cells which had been either mock transfected (none) or transfected with
pGEM-Pwt, pGEM-PD446–568, or pGEM-PD412–479. All transcriptions were performed in duplicate and the reaction products were recovered and
analyzed as outlined in (A). The gel was autoradiographed and then quantitated on a phosphorimager. The numbers given below the lanes are
relative to the reactions performed in a Pwt extract which has been set at 100.
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ing the N:RNA with this protein. Purified N:RNA was thus
preincubated with a large excess of an extract containing
P and recovered by pelleting through 50% glycerol. Under
these conditions only a small fraction of the P protein
present in the extract bound to the RNP, as judged by
immunoblotting (data not shown). RNA synthesis was
then carried out with the P-containing N:RNA templates
either in a control extract (vTF7-3 infected but un-
transfected) or one in which various P proteins were
expressed. As shown in Fig. 3C, the supplemental re-
quirement for P could in fact be met in large part by
preloading the N:RNA with the protein, as mRNA synthe-
sis was now readily detected with the untransfected ex-
tract (lanes ‘‘none’’), and the further addition of free Pwt
increased RNA synthesis ca. twofold (lanes 1–568 (wt)),
a situation analogous to that outlined earlier for the virion
transcription reaction.
The twofold stimulation by the additional P in the ex-
tract could be due to several reasons. For example, it is
likely that L can only bind to the template as a P-L com-
plex (Horikami and Moyer, 1995), and some of the P may
be dissociating from the immobilised L in our system
FIG. 4. The N-terminal deletion mutant, PD1–144, is active in RNAbefore it can bind to the template. Under these condi-
synthesis. (A) Polymerase complexes were isolated from A549 cells
tions, the presence of excess PD446 – 568 in the extract, transfected with pGEM-Pwt plus pGEM-L and pGEM-PD1–144 plus
which (like PD539 – 568 of Fig. 3A) trimerizes and binds L pGEM-L, as outlined in the legend to Fig. 3. The P-L and mutant P-L
complexes were mixed with cell extracts from mock-transfected (none),normally but cannot bind to N:RNA, might be inhibitory.
pGEM-Pwt-transfected, or pGEM-PD1–144-transfected A549 cells, con-Alternatively, it is possible that P is moving on and off
taining N:RNA templates and [32P]GTP. All reactions were performedthe template as RNA synthesis proceeds, and the supple-
in duplicate, the products were recovered by pelleting through CsCl
mental P of the extract is needed for this exchange. Un- and analyzed on an agarose–HCHO gel. The gel was autoradio-
der these conditions, the presence of excess PD412 – 479 in graphed and then quantitated on a phosphorimager. These numbers
are given below the figure in arbitrary units. (B) The level of proteinthe extract, which trimerizes and binds to N:RNA normally
expression in the cell extracts (lane 1 is [PD1–144 / L] and lane 2 isbut cannot bind to L, might be inhibitory. We examined
[Pwt / L]) was estimated by immunoblotting with anti-L and anti-HAthe effect of supplementing these reactions with each of
monoclonal antibodies using a light detection system (see also Materi-
these mutant P proteins which are inactive in mRNA als and Methods). The anti-L antibody cross-reacts with the host cell
synthesis. As shown in Fig. 3C, the presence of either protein band indicated.
mutant P protein could not replace Pwt in stimulating
mRNA synthesis, but they had little or no inhibitory effect
as well. We were therefore unable to provide evidence reproducibly when PD1 – 144 was expressed at levels simi-
lar to Pwt (Fig. 4A, P-L wt). We previously reported thatfor the exchange of the P protein of the extract with
either that of the template or the P-L polymerase complex either of two N-terminal regions of P (aa 1–77 or aa 78–
144, defined by restriction sites) are required for RNAduring mRNA synthesis. If the supplemental, template-
bound P is traversing the N:RNA template with the P-L synthesis in vitro, and that only one of these apparently
redundant regions plus regions A–C (see Fig. 1) arepolymerase during mRNA synthesis, it appears to be
doing so without detaching completely from the template. sufficient for this task (Curran et al., 1994). However, as
the requirement for aa 1–77 or 78–144 in mRNA synthe-It appears more likely that the twofold stimulation by the
additional P in the extract is simply because insufficient sis was determined in another in vitro system (in which
the polymerase was not immobilized on a bead, and inamounts of supplementary P protein can be preloaded
onto the N:RNA by this method. which N was coexpressed along with P and L in the
extract), it was necessary to reproduce these results with
our present system. Lanes P-L: D1–144, of Fig. 4A showThe N-terminal half of P is NOT required for mRNA
our attempt to do this. In this experiment, the polymerasesynthesis
which is immobilized on the bead is composed of
PD1 – 144 and L, and it is clear that it is as active in theIn contrast to deletions in the C-terminal 40% of the
protein (regions A–C), deletion of the N-terminal 144 resi- presence of an extract containing either Pwt or PD1 – 144 as
the Pwt-L complex. This experiment has been carried outdues did not inactivate the supplementary function of P
(Fig. 4), but rather stimulated it slightly (ca. twofold), but three times, with identical results. Two conclusions can
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FIG. 5. The N-terminal of P is required for RNA synthesis only in the presence of coexpressed N protein. (A) Simultaneous transcription and
replication in vitro: Pwt or PD1–324 (1.5 mg) were each coexpressed with N (2.5 mg) and L (0.5 mg), separately in A549 cells (diameter, 5 cm). Extracts
prepared from these cells were incubated with [32P]GTP plus a mixture of nondefective (ND) and DIH4 core nucleocapsids. The reaction products
were separated on CsCl density gradients into pellet (the mRNA products of transcription) and band (the DI and ND genome products of replication).
They were then analyzed on agarose-HCHO gels. (B) Transcription in vitro. Pwt (1 mg), PD1–324 (1 mg), and PD1–144 (0.1, 0.5, and 1 mg) were each
coexpressed with L (0.5 mg), in A549 cells. Extracts prepared from these cells were incubated with ND nucleocapsids and [32P]GTP (see Materials
and Methods). Reaction products were recovered by pelleting through a cushion of 5.7 M CsCl and were analyzed on agarose-HCHO gels.
be drawn: (i) whether or not PD1 – 144 is active in mRNA Fig. 5A was carried out in its absence. As shown in Fig.
5B, mRNA synthesis using either PD1 – 144 or PD1 – 324 wassynthesis depends on the in vitro system it is assayed
in and (ii) PD1 – 144, nevertheless, appears to distinguish P at least as strong as that with Pwt in the absence of N.
The coexpression of N in the extract thus appears to befunction in a complex with L and its supplementary func-
tion, in that although PD1 – 144 is as active as Pwt as part responsible for this effect.
Why, then, does mRNA synthesis not take place inof the P-L complex, it is reproducibly more active (ca.
twofold) than Pwt in its supplementary function, indepen- extracts in which N is also coexpressed when PD1 – 144 or
PD1 – 324 is used? We have recently described a domaindent of whether the polymerase complex is composed
of Pwt-L or PD1 – 144-L. at the N-terminal end of P (aa 33–41) which is required
for genome replication but not mRNA synthesis, and inOur previous system used N:RNA templates freed of
P and L as in the present system, but contained a mixture particular, for the nascent chain assembly step rather
than the RNA synthesis step of genome replication (Cur-of nondefective (ND) and defective interfering (DI) nu-
cleocapsids (DI-H4, a copy-back DI which does not tran- ran et al., 1995a). P is known to form a complex with
unassembled N (N7) and to prevent it from assemblingscribe mRNA), the latter to monitor genome replication
more readily. N was also coexpressed in the transfected ‘‘illegitimately,’’ i.e., independent of the concurrent assem-
bly of the nascent genome chain. It is this P-N7 complexcell extract with P and L, so that the levels of mRNA
synthesis and genome replication could be determined which is thought to deliver N for assembly on the nascent
genome. Some of the evidence describing this chaper-simultaneously. This system is shown again for reference
in Fig. 5, comparing the activity of PD1 – 324 and Pwt, and one domain of P is shown again in Fig. 6. When N is
expressed independent of P, or coexpressed withwhere the reaction products are first centrifuged on CsCl
density gradients to separate genomes and antigenomes PD1 – 77 or PD33 – 41, ca. half of the protein pellets through
the glycerol gradient and the other half is found as a(as banded nucleocapsids) from the pelleted mRNAs.
Both mRNA synthesis and DI and ND genome synthesis smear throughout the gradient. When Pwt is coexpressed
with N, on the other hand, the vast majority of N cosedi-are readily detected when Pwt is present, whereas neither
type of RNA synthesis can be detected in the presence ments as a complex with P at the approximate position
of the P-L complex (Curran et al., 1995a). P proteins suchof PD1 – 324 (Fig. 5A; the two bands observed for the DI
genomes probably represent (/) and (0) strands of DIH4 as PD1 – 77 or PD33 – 41 which are missing this N7 chaperone
domain continue to trimerize normally (Curran et al.,(Curran and Kolakofsky, 1991)). Similar results are ob-
tained with PD1 – 144 (Curran et al., 1994). The coexpression 1995b). This is also true of PD1 – 324, as shown in Fig. 6,
where all the PD1 – 324 protein sediments as a band in theof N in the cell extract is, of course, unnecessary for
mRNA synthesis. To determine whether its presence middle of the glycerol gradient when it is expressed by
itself. However, when PD1 – 324 and N are coexpressed,might affect the results, the same reaction as shown in
AID VY 7994 / 6a19$$$303 06-03-96 23:39:22 vira AP: Virology
137SENDAI VIRUS P PROTEIN DOMAINS REQUIRED FOR RNA SYNTHESIS
DISCUSSION
In attempts to decipher the functions of the various P
domains in RNA synthesis, we have previously used an
in vitro system in which N:RNA templates were combined
with extracts in which all the nucleocapsid-associated
proteins were coexpressed. mRNA synthesis and ge-
nome replication occur simultaneously in these reac-
tions, as in vivo. This system yielded the puzzling result
that part of the N-terminal end of the protein was required
for mRNA synthesis, but that either of two regions, aa
1–77 or aa 78–144, could provide the required function,
whereas only aa 1–77 (which contained the N7 chaper-
one domain) was active in the nascent chain assembly
step of genome replication. Residues 145–324, on the
other hand, were not required for either type of RNA
synthesis. Residues 1–77 and 78–144 contain no obvi-
ous homology, other than being acidic (Curran et al.,
1994, 1995a).
Remarkably, there appeared to be a precedent for this
unusual situation in the closely related rhabdovirus VSV.
The N-terminal end of the VSV P protein is also required
for mRNA synthesis in vitro, even though this region of P
is hypervariable among different VSV serotypes (Masters
FIG. 6. Glycerol gradient fractionation of cell extracts in which and Banerjee, 1988). This required sequence, moreover,
PD1–324 and N proteins have been either expressed separately or coex-
can be functionally substituted by that of tubulin, whosepressed. A549 cells were infected with vTF7-3 and transfected with
only homology to the VSV sequence appears to be theeither PD1–324 (1 mg, m), N (2.5 mg, l), or PD1–324 and N (n and s,
respectively). Cytoplasmic extracts were prepared and fractionated on acidic nature of its C-terminal region (Chattopadhyay and
5–20% glycerol gradients and aliquots from each fraction were ana- Banerjee, 1988). This conservation of function in the ab-
lyzed by immunoblotting using monoclonal antibodies against the N
sence of sequence conservation is reminiscent of theprotein and the epitope tagged PD1–324. The bands were quantitated
acidic activation domains (AAD) of cellular transcriptionon a densitometer, and the amount in each fraction was then plotted
as a percentage of the total. Fraction 1 contains the material which factors (Ptashne, 1989; Johnson and McKnight, 1989). In
pelleted onto a 100% glycerol cushion which was placed in the bottom the case of SeV, the enigmatic properties of this region
of each gradient. appear to be explained, at least in part, by the unusual
function required, namely, to prevent the N7 of the cell
extract from self-assembling (illegitimately) into a highlythere is no change in the profile of N, which continues
polymerized form, and hence to prevent the sequestra-to sediment in a very polydispersed fashion. However,
tion of most (or all) of the expressed P protein. Suchall the detectable PD1 – 324 protein is now found in the
illegitimately selfassembled structures are morphologi-pellet fraction, presumably as a complex with the highly
cally similar to bona fide viral nucleocapsids in the EMaggregated N (Curran et al., 1995). mRNA synthesis ap-
and are known to bind P protein tightly (Buchholz et al.,parently does not take place in extracts in which both N
1993, 1994). SeV residues 1–77, which contain the N7and either PD1 – 144 or PD1 – 324 are coexpressed because,
chaperone domain, appears to work best in this respect,in the absence of a P protein which can keep N7 from
but residues 78–144 can also partially prevent formationselfassembling illegitimately, P prebinds tightly to the
of the highly polymerized forms and thus lead to onlyhighly assembled, nucleocapsid-like N of the extract. It
partial sequestration of P, as judged by the fraction of theis therefore unavailable for RNA synthesis from the sub-
expressed P found in the pellet of the glycerol gradientsequently added bona fide templates. When PD1 – 77 and
(Curran et al., 1995a, and not shown). It is possible thatN are coexpressed, greater than 50% of the mutant P
there is more than one way to limit the illegitimate selfas-protein remains in the gradient at the position of the
sembly of N, hence the puzzling lack of sequence conser-homo-trimer (Curran et al., 1995). This probably explains
vation for regions with this property. Only a single func-why PD1 – 77 continues to support transcription in the pres-
tional domain, for chaperoning N7 during the nascentence of N, presumably because residues 78–144 can
chain assembly step of genome replication (aa 33–41),function to some extent in keeping N from illegitimately
has therefore been mapped to the N-terminal 60% of theselfassembling, albeit at only ca. 40% of the level ob-
tained with Pwt (Curran et al., 1994). SeV P protein. Its location is consistent with the finding
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that overexpression of V/W can inhibit genome replica- Cell extracts in which the levels of the SeV P and L
proteins are optimized for mRNA synthesis contain ation, but not mRNA synthesis (Curran et al., 1994).
The apparent requirement for the N-terminal region large molar excess of P, and this is consistent with much
previous evidence. Only one P oligomer appears to beof the VSV P protein in mRNA synthesis, however, was
determined in the absence of coexpressed N protein and bound per L, and binding of P and L to purified N:RNA
is saturable at an L/P ratio of ca. 1:3 (Gao and Lenard,in reactions which were not supplemented with cyto-
plasmic extracts, like our SeV reactions. Host cell factors 1995a,b; Mellon and Emerson, 1978). However, rhabdovi-
rions such as VSV contain ca. 6 P/L proteins (Thomas ethave been implicated in mRNA synthesis for a number of
mononegaloviruses, where the addition of a cell extract al., 1985), and this ratio was estimated to be optimal for
mRNA synthesis in vitro (Canter et al., 1993). Using astimulates transcription. Purified tubulin has been re-
ported to stimulate SeV and measles virus, as well as different in vitro transcription system, De and Banerjee
(1985) reported that optimal RNA synthesis was obtainedthe VSV reactions, and actin (but not tubulin) appears to
stimulate human PIV3 and RSV mRNA synthesis (De et with a 70-fold molar excess of P over L. Thus, for both
SeV and VSV, more P is required for mRNA synthesisal., 1993; Huang et al., 1993; Moyer et al., 1986, 1990). It
is thus possible that a host factor is acting in trans to that can bind to L, at least in vitro. The difference between
the P/L ratios required for binding and activity may befunctionally substitute for the deleted N-terminus in our
SeV reactions, and this may account in part for the differ- explained by the fact that P in the P-L complex appears
to bind the template more strongly than P alone (Gao andential requirement for this acidic region in VSV and SeV
mRNA synthesis. There are, however, other indications Lenard, 1995b). Therefore, if the binding studies were
performed under conditions of limiting N:RNA, the read-that domain I of the VSV P protein is playing a more
specific role than that of an AAD-like region. When this out would measure the preferential binding of the P-L
complex. When intracellular SeV holo-nucleocapsids areregion was fused to the DNA binding domain of Gal4, it
failed to transactivate transcription from a cellular pro- viewed by immune electron microscopy, P is found
bound to the template both independent of, and togethermoter unless basic amino acids at positions 6 and 8
were changed to alanine (Takacs et al., 1991). Curiously with L, whereas L is only found associated with P (Port-
ner et al., 1988; Ryan et al., 1990). The above results(considering that this region could be replaced with tu-
bulin (Chattopadhey and Banerjee, 1988)), either of these suggest (i) that part of the template associated P is bound
as a P-L complexes, and the rest is bound as homotri-mutations when introduced into the VSV P protein elimi-
nated the ability of P to support viral mRNA synthesis. mers in between the P-L complexes, and (ii) that these
latter P trimers serve an essential function during mRNAMore than the overall acidic nature of this domain thus
appears to be required. The VSV P protein has recently synthesis.
The RNA within the N:RNA templates is insensitivebeen characterized as a homotrimer or tetramer (Gao
and Lenard, 1995a,b). Paramyxovirus P proteins are also to RNase digestion under any salt concentrations, even
though this nuclease can access relatively hidden re-found as homotrimers, and their oligomerization domains
map to a region with high coiled-coil potential (Curran gions; it can, e.g., cleave the nascent RNA chain of a
cellular RNA polymerase ternary complex to within 3 ntet al., 1995b). A coiled-coil region is predicted near the
N-terminus of rhabdovirus P proteins, and mutation of of its 3* end (Chamberlin, 1995). It is therefore thought
that the N:RNA must somehow be ‘‘uncoated’’ so L canthe nearby phosphorylated ser60 and ser62 residues in
domain I to ala strongly interferes with oligomerization, interact with the bases, and this function has been as-
signed to P because it interacts so strongly with thewhich is required for transcription (Gao and Lenard,
1995a; Spadafora et al., 1996). Although highly specula- N:RNA (Hudson et al., 1986). L protein does not bind to
N:RNA by itself but only as a complex with P (Mellontive, it is perhaps the ability of tubulin to oligomerize
as well as its acidic C-terminal region that allows it to and Emerson, 1978; Horikami and Moyer, 1995), consis-
tent with this required (but hypothetical) role for P. Thesubstitute for VSV domain I. It will be of interest to deter-
mine whether substitution of ala for arg6 and lys8 of VSV manner in which P might do this has been suggested
from morphological studies of the N:RNA. The SeV N:RNAP similarly prevents P oligomerization. Using the double
hybrid system, Takacs and Banerjee (1995) recently re- is generally seen in the EM as a relatively tight helical
ribbon with a pitch of 5.3 or 6.8 nm, but also exists inported that only the C-terminus of the P protein of the
Indiana serotype of VSV was important for N-P complex a very extended conformation with a pitch of 37.5 nm
(Egelman et al., 1989; M. Schmid, Baylor, Texas, unpub-formation, whereas both the N and C-termini of the New
Jersey serotype were required. Since the readout from lished). Assuming that the genomic RNA is present near
the inside surface of the helical nucleocapsid ribbon asthis system measures interactions between P and both
the free and illegitimately assembled N protein (and both it is in tobacco mosaic virus (Namba et al., 1989), the
transition between these discrete pitch states may bewill probably be present), it remains unclear whether or
not the VSV P protein also contains a chaperone domain necessary to open the helix so that the polymerase can
read the bases. These transitions would require struc-analogous to that found in SeV.
AID VY 7994 / 6a19$$$303 06-03-96 23:39:22 vira AP: Virology
139SENDAI VIRUS P PROTEIN DOMAINS REQUIRED FOR RNA SYNTHESIS
capsid protein NP is required for nucleocapsid assembly. J. Virol.tural changes in the N subunits, and/or their association
67, 5803–5812.with neighboring subunits, and would presumably be in-
Calain, P., and Roux, L. (1993). The rule of six, a basic feature forduced by the polymerase as it traverses its template. As efficient replication of Sendai virus defective interfering RNA. J. Virol.
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plasmid-encoded L and P proteins. Virology 194, 518–529.maximum of 18 nt of template, which might be insufficient
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the template by tracking with the polymerase. If so, our 7981.
Chamberlin, M. J. (1995). New models for the mechanism of transcrip-results (Fig. 3B) suggest that P3 does this without de-
tion elongation and its regulation. In ‘‘The Harvey Lectures, Seriestaching from the template although it probably interacts
88,’’ pp. 1–21. Wiley-Liss, Inc., New York.with the P-L during RNA synthesis, possibly by forming
Compans, R. W., Mountcastle, W. E., and Choppin, P. W. (1972). Thea weak ((P-L)P3) complex. We have, however, been un- sense of the helix of paramyxovirus nucleocapsids. J. Mol. Biol. 65,
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bound P and the P on the immobilized P-L complex al- Curran, J. A., and Kolakofsky, D. (1991). Rescue of a Sendai Virus DI
by Other Parainfluenza Viruses: Implications for Genome Replication.though such exchange clearly takes place ‘‘off the tem-
Virology 182, 168–176.plate,’’ e.g., one can recover transcriptional activity by
Curran, J., Boeck, R., and Kolakofsky, D. (1991). The Sendai virus Pmixing a cell extract containing (L / PD446 – 568) (which is
gene expresses both an essential protein and an inhibitor of RNA
inactive because it cannot bind the N:RNA) with an ex- synthesis by shuffling modules via mRNA editing. EMBO J. 10, 3079–
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